Abstract. In some places, there is strong evidence that the lower continental crust has flowed so as to smooth out variations in crustal thickness caused by differential crustal extension or shortening. In order to better understand the processes involved, we investigate the behavior of a fluid layer over a fluid half-space to see how such a system responds to the deformation of its upper and lower boundaries. This simple system can be used to study both the decay of crustal thickness contrasts and the behavior of a thin lithospheric sheet. The changing response of the system to variations in density and viscosity contrasts and to different boundary conditions imposed on the fluid interface can easily be studied analytically. The most important results are that variations in crustal thickness on a wavelength of a few times the thickness of the flowing channel will decay quickest and that large lateral variations in crustal thickness cause the fluid to develop a steep front, which may cause a topographic step above it at the Earth's surface. Deformation within the channel will be principally by simple shear. The clear association of lower crustal flow with regions of thickened crust and magmatic activity suggests that both can reduce the viscosity of the lower crust to levels at which flow can occur. The smoothing of crustal thickness contrasts leads to differential vertical motions, and is thus a method by which substantial tilting can occur without faulting. This differential uplift may be responsible for rotating and exhuming some of the detachment faults in metamorphic core complexes in the Basin and Range province of the western United States. It is also a method of causing structural inversion in basins that does not require the reactivation of normal faults as thrusts or reverse faults.
Introduction
The success of plate tectonics as a description of oceanic tectonics has encouraged attempts to use the same ideas to describe continental deformation. Such efforts have been partially successful: the relative motion between the large aseismic parts of continents can be usefully described by relative angular velocities. However, the zones of distributed continental deformation that are sometimes more than 2000 km across cannot be described by rigid motions [e.g., England and Jackson, 1989] . One obvious and important difference between Copyright 2000 by the American Geophysical Union. Paper number 1999JB900446. 0148-0227/00/1999JB900446509.00 oceanic and continental lithosphere is the thickness of the crust. Differences in crustal thickness produce corresponding variations in elevation and hence of gravitational potential energy. Such forces are more important in continental regions, where the crust is thick, than they are in the oceans and tend to equalize the crustal thickness.
A number of observations of continental deformation suggest that, at least in some places, the brittle deformation of the upper crust is decoupled from the deformation of the lower crust. One example, described by Gans [1987] likely to have been added to the crust during extension, such additions will not have been localized enough, nor have had sufficient volume, to account for the lack of Moho topography. Thus lower crustal material must have flowed from regions where the amount of stretching is small to those where it is large [Gans, 1987] . In section 2 we summarize previous models of lower crustal flow and then investigate the behavior of our own simple model, in which a fluid layer overlies a halfspace. We then discuss the conditions under which flow might be expected to occur in nature and identify the features of our model that are likely to be applicable. We then attempt to estimate the probable timescales, viscosities, and velocities that might be expected and discuss how our results may apply to geological problems.
Model and Previous Work
Authors in the past have studied lower crustal flow both analytically and numerically and have differed in their choice of rheology, boundary conditions, and number of layers. Kusznir and Matthews [1988] , Gratton [1989] , and Kruse et al. [1991] were interested in essentially the same problem that we address here, with Gratton's emphasis principally on the decay of crustal roots beneath mountains. Kusznir and Matthews [1988] realized the importance of crustal thickness in reducing the viscosity of the lower crust and obtained an expression for the timescale on which crustal thickness contrasts decay. Their expressions agree with ours when a printing error in their equation in Appendix 2 is corrected (N.J. Kusznir, personal communication, 1990 ). Kruse et al. [1991] and Kusznir and Matthews [1988] considered a power law theology but did not allow the lower crustal channel walls to deform. MCKenzie [1988] used the nonlinear solutions for channel flow obtained by Huppert [1982] [1987] argued that the Indian crust is driving lower crustal thickening beneath Tibet. The deformation they studied by finite element methods is equivalent to one of the modes discussed below.
Rather than develop a complicated model which relies on the poorly known theological properties of the lower crust, we use the simplest model that is likely to contain the important features that govern crustal flow (see Figure 2) . It consists of a layer of fluid with density pz and viscosity th overlying a fluid half-space of density P2 (> pz) and viscosity t/2. For the case of lower crustal flow, t/2 (representing the upper mantle) is probably much greater than th (representing the lower crust), but as we shall see, we can use this model to investigate other situations as well. Under most conditions of fluid flow the velocity field does not correspond to either pure or simple shear, since both components of the velocity are nonzero, as is the vorticity, and both the velocity and the vorticity are functions of both x and z. However, when the wavelength of the disturbance is large compared with the layer thickness, certain important flows occur which are good approximations to simple or pure shear.
Since both the upper and lower surface of the layer can independently move vertically, they are referred to as deformable boundaries. When they do so, the vertical fluid velocity at the boundary must equal the rate at which the boundary deforms. Other boundary conditions that must be satisfied are that the normal and tangential stress must be continuous and the vertical and horizontal velocities at the interface between the layer and the half-space must be the same. Though the shear stress must vanish on the upper surface of the layer, there is no restriction on the horizontal velocity. This boundary condition will be referred to as "free" or "stress free." It is also sometimes useful to impose half-space p2, v2 another boundary condition on the upper or lower surface of the layer: that the horizontal velocity vanishes. Though this condition will be referred to as "rigid," it is a condition on the horizontal, not the vertical velocity. A boundary can be both rigid and deformable at the same time if it consists of a thin sheet of strong material separating the layer from the half-space. This would, for instance, be the appropriate boundary condition to use for a layer of fluid separated from a fluid half-space by a thin plastic film.
Below we argue that creeping flow only becomes important when the temperature (in K) exceeds about 0.7 of the solidus temperature. Because the solidus temperature of the upper mantle is , 1200øC, it will only flow when the temperature exceeds 750øC. Though this estimate is uncertain, the creep rate of the upper mantle is generally less than that of the lower crust when they are at the same temperature. Hence the Moho will act as a rigid boundary to lower crustal flow. The rigid layer beneath the Moho will, however, probably be no more than a few tens of kilometres thick in most places.
The other uncertainty that affects the calculations is whether lower crustal flow is Newtonian or involves power law creep. The transition between these regimes depends on both temperature and shear stress and is poorly constrained by existing laboratory experiments. However, the numerical experiments on power law creep carried out by Kruse et al. [1991] show that the use of a nonlinear stress-strain relationship rather than a Newtonian viscosity does not lead to qualitative differences in behavior. We therefore adopt a constant, Newtonian viscosity, since this greatly simplifies the calculations. Nor do we include the flexural rigidity of the upper crust, unlike Kaufman and Royden [1994] . In addition to calculating the velocity fields and response times of the model we also obtain the gravity field and its relation to the deformation of the upper surface. We emphasize that our treatment assumes an instantaneous disturbance of the layer boundaries, the decay of which we then investigate as a function of wavelength, density contrast, and viscosity contrast. At least in some places, such as the Basin and Range province of the western United States, there is evidence that lower crustal flow occurred almost synchronously with regional extension. In the absence of such flow large variations in surface and Moho topography would have been produced if the upper and lower crusts had extended by the same amounts in the same place. We discuss this further in section 3.2.
Small Perturbations and Linear Behavior
Because there are two surfaces involved in the model, there must be two response times that characterize the system. In general, both decay modes involve move- 
Larger Perturbations: Nonlinear Behavior and Channel Flow
The discussion above is entirely concerned with the behavior of perturbations to the surface or the interface the amplitude a of which is small compared with h. Though the value of a/h at which the approximation ceases to be useful cannot be estimated without numerical experiments, it is only likely to be accurate if a/h < 0.1. If this condition is not satisfied, the flow depends nonlinearly on the amplitude of the disturbance and numerical techniques are generally required to solve the flow problem. However, as Huppert [1982] showed, progress can still be made analytically if certain conditions are satisfied. He discussed the problem of magma spreading over a rigid undeformable surface and obtained a similarity solution that was valid when the horizontal extent of the magma was large compared with its thickness. Because the shape of the layer is given by a similarity solution, it does not change with tirne if the x axis is suitably scaled (see equations (B 13) and (B14)). It is straightforward to show that a layer of fluid spreading over a rigid but deformable surface satisfies the same equation that Huppert [1982] solved (Appendix B). Furthermore, only the numerical constant changes if a rigid but deformable boundary condition is imposed on the lower surface of the layer. It is the rigidity rather than the deformability that controls the behavior. As long as at least one boundary is rigid (i.e., the horizontal velocity component at the boundary is zero), the deformation of the layer will be by simple It is also important that the shape is independent of the viscosity of the spreading layer: only the rate of evolution of the shape is controlled by the viscosity.
Summary
This discussion shows that many important features of the response of the crust and upper mantle to variations in crustal thickness can be understood using simple analytical expressions. An important result is that variations in lower crustal thickness whose wavelength is a few times the thickness of the layer will decay the most 
Geological Consequences of Flow in the Lower Crust
In this section we examine some of the consequences of lower crustal flow and their significance for various geological problems. It is not our intention to use the simplified and idealized treatment of flow in section 2 to attempt a detailed explanation of the geology in particular localities but rather to point out how lower crustal flow might influence the development and geometry of some geological phenomena.
It is generally accepted that the viscosity of the lower crust is lower than that of both the mantle and the up- 
a(x) -h(x). Since the layer is thin, the viscous contri

